RNA splicing is the process of generating a mature mRNA from pre-mRNA, during which exon-intron borders are recognized and the intervening intronic sequences are removed. 1,2 RNA splicing enables the production of multiple mRNA species by alternative splicing of exons, which are found in nearly 95% of mammalian genes, to generate tissue-and species-specific differentiation patterns. 1,3
Deregulated or abnormal splicing is often observed in various malignancies, including colorectal cancer (CRC), which is one of the most common malignant tumors worldwide. [4] [5] [6] Furthermore, splicing abnormality has recently been recognized as an important mechanism for regulating the expression of cancer-related genes. [5] [6] [7] [8] [9] [10] In CRC and colorectal adenoma, amplification of chromosome 7p (Ch.7p) occurs frequently. [11] [12] [13] Recently, our multiregional genomic analysis showed that the amplification of Ch.7p occurs in all regions of an individual tumor. [14] [15] [16] These data suggest that the amplification of Ch.7p is a fundamental and predominant event in tumorigenesis of CRC, and that Ch.7p harbors driver genes that promote tumorigenesis or tumor progression through gain of function as a result of genomic amplification. Moreover, these driver genes on Ch.7p could be an optimal therapeutic target to overcome intratumor heterogeneity, which is considered to be a major cause of treatment resistance. 17 We carried out oncogene screening using a bioinformatics approach to analyze population data and compare gene expression between tumors and normal tissues, and to examine the correlation between chromosomal copy number and gene expression.
Using this screening approach, we previously identified phosphoserine phosphatase (PSPH), located on Ch.7p, as a driver gene in CRC. 11 Herein, we used our screening method and identified DEAD-Box helicase (DDX56), as a candidate oncogene. DDX56 is located on Ch.7p and is a member of the DDX family, known to regulate alternative splicing. [18] [19] [20] Furthermore, using in vitro and in vivo experiments and RNA sequencing analysis, we determined the clinicopathological and oncogenic features of DDX56 in CRC, and confirmed splicing alteration as the oncogenic mechanism of action. Cancer. 21 Written informed consent was obtained from all patients. Resected tumor tissues and paired normal colon tissues were immediately stored in RNAlater (Ambion), frozen in liquid nitrogen and kept at −80°C until RNA extraction. All protocols used in this study were approved by the local ethics review board of Kyushu University. 
| MATERIAL S AND ME THODS

| Kyushu dataset
| Public datasets
| Selection of candidate genes
Using the TCGA dataset, we extracted candidate genes from 426 genes on Ch.7p that satisfied the following two criteria, as described previously: 11 (i) DNA copy number and mRNA expression levels were positively correlated with each other (correlation coefficient cut-off set at 4); (ii) the gene of interest was overexpressed in tumor tissues compared to normal tissues (>2-fold change). Genes selected using this strategy were found to be candidate driver genes in CRC, induced by Ch.7p amplification ( Figure 1 ).
| Pan-cancer analysis
Raw count and quantile normalized mRNA data for all cancer types were obtained from TCGA dataset. Those cancer types that had less than 10 normal tissues for comparison were excluded from our analysis. mRNA expression in the following cancers was compared to mRNA expression in the respective non-cancerous tissues: F I G U R E 1 Schematic diagram of the strategy for selection of candidate genes in colorectal carcinoma
| Cell lines and cell culture
Human CRC cell lines CaR-1, Colo320, Colo201, LoVo, SW480, and DLD-1 were obtained from JCRB cell bank; Colo205 and HCT116 were obtained from RIKEN BioResource Research Center; and RKO, and SW620 were obtained from the ATCC. All cell lines were cultured in appropriate medium supplemented with 10% FBS at 37°C in an atmosphere containing 5% CO 2 .
| RNA extraction and reverse transcriptionquantitative polymerase chain reaction
RNA was extracted from frozen tissue specimens and cell lines using ISOGEN-II (Nippon Gene), and RT-quantitative polymerase chain reaction (qPCR) was carried out as previously described. 11 Gene expression was quantified using the follow- 
| Immunohistochemical analysis
Immunohistochemistry of DDX56 in CRC tissues samples was carried out as previously described. 22 A mouse monoclonal anti-DDX56 antibody (H00054606-M05; Novus Biologicals) was used as the primary antibody diluted at 1:100. Tumor histology was independently reviewed by an experienced pathologist (T.T.).
| Knockdown analysis of DDX56 by siRNA
Knockdown analysis of DDX56 was carried out with siRNAs (DDX56 siRNA-1; s29253 and DDX56 siRNA-2; s29254; Thermo Fisher Scientific) and Silencer Negative Control 1 siRNA (AM4611; Invitrogen). CaR-1 and LoVo cell lines were transfected with siRNA (10 nmol/L) using RNAiMAX (Invitrogen) according to the manufacturer's protocol. A control shRNA retroviral vector was also obtained from OriGene
| Knockdown analysis of DDX56 using shRNA
Technologies. Retrovirus was produced in 293T cells using Retrovirus
Packaging Kit Ampho (TaKaRa) and the media collected after 48 hours for transduction of CaR-1 cells. Cells were transduced with retroviral supernatant and then selected with 2.5 μg/mL puromycin to generate cells with stable knockdown of DDX56.
| Overexpression analysis of DDX56
Overexpression analysis was carried out using plasmid clone of human DDX56 cDNA with CMV promoter (IRAK004D19; Riken BioResource Research Center). As a negative control, we used empty vector with CMV promoter (pcDNA 3.3-TOPO TA Cloning Kit; Invitrogen). We transfected the vectors for SW480 cells using Lipofectamine3000 (Invitrogen) following the manufacturer's protocol. University. Murine xenograft model analysis was conducted as described previously. 23 Five-week-old female BALB/cSlc nu/nu mice were purchased from Japan SLC, Inc. and maintained under specific pathogen-free conditions. For xenograft assays, 10 6 CaR-1 cells transfected with DDX56 shRNA or control RNA were suspended in 100 μL PBS and the cells bilaterally injected under the skin of four nude mice. Tumor sizes were measured 6, 7, 9, and 13 days after injection using a Vernier caliper and calculated using the following formula: tumor volume = length × width 2 × 0.5.
| Murine xenograft model
| Western blot analysis
Western blot analysis was carried out as previously described. 24 The following antibodies were used: primary rabbit polyclonal anti- 
| MTT assay
Cell proliferation was evaluated by MTT assay (Roche Applied Science) according to the manufacturer's instructions, as described previously. 25 In brief, cells transfected with DDX56 siRNA and negative control siRNA transfected cells were seeded in triplicate at 10 4 cells/well in 100 μL medium in a 96-well plate. Color change was quantitated using an Immuno-Mini NJ-2300 automatic plate reader (Nihon InterMed) at 570 nm with a 650-nm reference filter.
| Colony formation assay
Cell growth was assessed using colony formation assay. Cells were seeded at 10 3 cells/well in 3 mL medium in 6-well plates and transfected with DDX56 siRNA or negative control siRNA. After 14 days, colonies were stained using Differential Quik Stain Kit (Sysmex) according to the manufacturer's instructions. Visible colonies were 
| Cell cycle assay
For cell synchronization, we used nocodazole (an inhibitor of tubulin assembly) as previously described. 26 Forty-eight hours after transfection, 5 μg/mL nocodazole was added to cells. Cells were incubated for 16 hours and then washed with PBS and harvested in normal medium at various timepoints (0, 6, 12, 18, 24 hours). Cells were washed with PBS and fixed in 70% ethanol at −20°C overnight. Samples were then washed with PBS and stained with propidium iodide (PI) (Wako, Inc.) containing RNase A for 20 minutes at 37°C. Cell cycle distribution was measured using FACS (SH800S Cell Sorter; Sony Biotechnology, Inc.). Cells were classified into G1/S/G2M phases, according to DNA content, and the relative ratio of cells in G1 and G2M phase was compared between DDX56 siRNA-transfected cells and control siRNA-transfected cells.
| RNA sequence
RNA-sequence (RNA-seq) was carried out using Illumina HiSeq 2500 by BGI. We sent total RNA transfected with DDX56 siRNA or negative control siRNA to BGI Japan. Data generated were in FASTQ format. RNA-seq reads were aligned to the human reference sequence and the gene annotations (UCSC hg19) using TopHat2 v2.0.14. 27 STAR v2.5.2a 28 was used to calculate FPKM values. Intron-retention-utils 0.5.1 was used to calculate intron retention events and the percent intron retention (PIR) of each gene. [29] [30] [31] PIR is calculated as the number of reads mapping to the 5′ and 3′ exon-intron junctions divided by the number of reads mapping exon-intron junctions plus any exon-exon junction that supports removal of that given intron. 32 RNA-seq results were visualized with the Broad Institute's Integrative Genomics Viewer (IGV) tool. 33 
| Gene set enrichment analysis
Associations between DDX56 expression and previously defined gene sets were analyzed by gene set enrichment analysis (GSEA) using DDX56 expression profiles from TCGA dataset. 34 Biologically defined gene sets were obtained from the Molecular Signatures Database v5.2 ( http://softw are.broad insti tute.org/gsea/msigd b/ index.jsp). database. 35 A cut off of P < .05 was used.
| Functional annotation and pathway enrichment analysis
| Statistical analysis
Patient data from TCGA, Kyushu, and GSE datasets were divided into high DDX56 mRNA expression and low DDX56 mRNA expression groups using the minimum P-value approach. 36 
| RE SULTS
| DDX56 is a potential oncogene in CRC
DDX56 was selected as a potential oncogene using TCGA dataset through the screening described in Materials and Methods ( Figure 1 ). RT-qPCR was used to compare DDX56 mRNA expression in tumor tissues and normal colon tissues from 623 CRC patients in TCGA dataset and 108 CRC patients in the Kyushu dataset.
DDX56 mRNA expression was significantly higher in CRC tissues compared to normal colon tissues in TCGA and Kyushu datasets (P < .05) (Figure 2A ). Increased DNA copy number of DDX56 (log2 copy number ratios >0.1) was observed in 384/613 (62.6%) of the CRC tissues. 37 Copy number of DDX56 was positively correlated with DDX56 mRNA expression in TCGA dataset (R = .67, P < .05) ( Figure 2B ). Consistent with this, DDX56 mRNA expression and DDX56 DNA copy number were positively correlated with CRC cell lines ( Figure 2B ). Frequency of mutations in DDX56 was only 2.2% in TCGA dataset ( Figure 2C ). Immunohistochemical staining showed staining for DDX56 in tumor cells, and only weak to moderate staining in non-cancerous colon cells ( Figure 2D ). Magnified images showed that DDX56 immunostaining was localized to the cytoplasm of tumor cells. Collectively, these results suggest that DDX56 is a potential oncogene induced by genomic amplification. Furthermore, this suggests that the amplification of DDX56 on Ch.7p is a fundamental and predominant event in the tumorigenesis of CRC.
| High DDX56 expression is correlated with lymphatic invasion and distant metastasis in CRC patients
Clinicopathological analysis showed that increased DDX56 mRNA expression was correlated with lymphatic invasion (P < .01) and distant metastasis (P < .05) in the pathological, malignant CRC phenotype (Table 1) . No difference in DDX56 mRNA expression among stage I to IV tumors was observed in either TCGA or the Kyushu dataset ( Figure S1 ).
| Increased DDX56 mRNA expression is correlated with poor survival in CRC patients
High DDX56 mRNA expression groups had reduced OS compared to their respective low expression groups in the Kyushu, TCGA, and GSE datasets ( Figure 2E ). Furthermore, multivariate Cox regression analysis showed that high DDX56 mRNA expression was an independent poor prognostic factor in the Kyushu dataset (HR = 2.47, 95% CI = 1.08-6.02, P = .03) ( 
| DDX56 expression is positively correlated with cell cycle and mRNA splicing pathways
To examine why increased DDX56 mRNA expression may contribute to poor prognosis in CRC patients, GSEA of TCGA dataset was carried out. GSEA showed that overexpression of DDX56 was positively correlated with cell cycle and splicing-related pathways ( Figure 3A ). and LoVo cells ( Figure 3C ). Colony formation assay showed that DDX56 knockdown significantly reduced colony formation in both CaR1 and LoVo cells ( Figure 3D ).
| Knockdown of DDX56 inhibits cell proliferation and colony formation in CRC cell lines
| Knockdown of DDX56 inhibits tumor growth in a xenograft model
We conducted in vivo analysis using shRNA of DDX56. mRNA and protein expression of DDX56 were decreased in cells transfected with DDX56 shRNA ( Figure 3E ). Tumor size was larger in DDX56
shRNA cells than in control vector cells on days 9 and 13 after injection ( Figure 3F ).
| Overexpression of DDX56 facilitates cell proliferation
We used SW480 cells for overexpression analysis, because DDX56
mRNA expression was lowest in SW480 cells among CRC cell lines ( Figure S2 ). We transfected SW480 cells with DDX56 expressing vector or empty vector. Overexpression of DDX56 increased mRNA and protein expression of DDX56 in SW480 cells ( Figure 3G ). MTT assays showed that DDX56 overexpression significantly facilitated cell proliferation in SW480 cells ( Figure 3H ). to G1 phase in a CRC cell line.
| Knockdown of DDX56 suspends cell cycle progression of CRC cell lines
These results suggest that DDX56 overexpression facilitates cell growth in CRC by cell cycle progression.
| Knockdown of DDX56 suppresses intron retention in cell cycle-related genes
Several DEAD-Box proteins are reported to be involved in mRNA splicing. GSEA also indicated that DDX56 has a role in mRNA splicing. To assess the involvement of DDX56 in mRNA splicing, RNA-seq of CRC cell lines transfected with siDDX56 was carried out. Notably, knockdown of DDX56 was associated with a reduction in PIR at 1915 intron positions in 753 genes (fold change <0.5) ( Figure 5A ). DAVID analysis showed that many of the 753 affected genes were related to cell cycle, cell division, and mitosis pathways ( Figure 5B ). Among 753 genes, 58 genes including WEE1 were related to cell cycle pathways, and knockfown of DDX56 led to a reduction on PIR in these 58 genes ( Figure 5C ), knockdown of DDX56 led to a reduction in PIR.
WEE1, which plays a crucial role in the G2-M cell cycle checkpoint, is reported to have a tumor-suppressive role and suppressed expression in colon cancer. 38 To validate the results of RNA-seq, RT-qPCR of the retained WEE1 intron in siDDX56-transfected cells was carried out. Consistent with the results of RNA-seq, expression of the retained WEE1 intron was higher in control cells compared to cells transfected with siDDX56 ( Figure 5D ). These results indicate that knockdown of DDX56 induces intron reduction in cell cycle-related genes, including WEE1.
| Knockdown of DDX56 increases wild-type WEE1 expression
Western blot analysis was done using anti-WEE1 N-terminal antibody to confirm the protein expression of WEE1 and the effect of intron retention. Figure 5E shows Figure 5F ). These findings suggest that DDX56 can induce intron retention in WEEI, which produces a consequent truncated WEE1 protein that does not function as a tumor suppressor.
| WEE1 intron (truncated WEE1) mRNA expression in the DDX56 high group is higher than in the DD56 low group of CRC patients
To determine the clinical significance of WEE1 intron retention in the DDX56 high group was higher than in the DDX56 low group of CRC patients ( Figure 5G ).
| WEE1 intron (truncated WEE1) mRNA expression in tumor tissues is higher than in normal tissues
Expression of WEE1 intron mRNA in CRC tissues was higher than in normal tissues in TCGA and Kyushu dataset (P < .05) ( Figure 5H ).
These observations further indicate that the tumor suppressor WEE1 is suppressed by mRNA splicing abnormalities in CRC.
| DDX56 is overexpressed in various cancers
Expression of DDX56 mRNA in various cancer types and normal tissues was compared using TCGA dataset. Expression of DDX56 mRNA was higher in nine different cancer tissues, as well as CRC, compared to DDX56 mRNA expression in respective non-cancerous tissues ( Figure S3 ). This result indicates that DDX56 may be a common driver gene in various cancers.
| D ISCUSS I ON
In the present study, we showed that DDX56 is amplified in CRC and that high expression of DDX56 leads to a poor prognosis.
Furthermore, we showed that DDX56 could promote cell proliferation by inducing oncogenic splicing alteration in a cell cycle checkpoint gene, WEE1. To the best of our knowledge, this is the first study to explore the function of DDX56 as an oncogenic driver and prognostic biomarker of CRC.
DDX56 is a member of the DDX family of proteins that make up the largest RNA helicase family and are characterized by the presence of an Asp-Glu-Ala-Asp (DEAD) motif. Several DDX family members play roles in alternative splicing. 18 These findings provide clinical and biological evidence that DDX56 is a novel oncogene in CRC, and may function as a driver gene in various cancers in addition to CRC.
WEE1 is a tyrosine kinase that is a crucial component of the G2-M cell cycle checkpoint, preventing entry into mitosis in response to cellular DNA damage, and plays a tumor-suppressive role. 40 The expression of WEE1 is suppressed in colon cancer and non-small cell lung cancer. 38, 41 Interestingly, the expression of some tumor suppressor genes, such as LKB1 and KLF6, was controlled by splicing alterations. 2, 6, 42 In the present study, we showed that WEE1 expression is also altered through alternative splicing by DDX56 overexpression. RNA sequence analysis showed that knockdown of DDX56 immediately reduced the intron retention of WEE1 (truncated WEE1) and increased wild-type WEE1 mRNA expression. Furthermore, our clinical analysis showed that the expression of truncated WEE1 in CRC tissues was higher than in normal tissues and that the expression of truncated WEE1 was higher in a high DDX56 expression cohort compared with a low DDX56 expression cohort of CRC patients. These findings indicate that WEE1 expression could be suppressed by alternative splicing induced by the overexpression of DDX56. WEE1 suppression likely promotes cell cycle progression and the consequent cell proliferation of CRC, leading to the poor prognosis of CRC patients ( Figure 6 ).
The mechanism by which DDX56 induces abnormal splicing of WEE1 is unknown. Alternative splicing by DDX family members is reported to alter a functional spliceosome assembly. 19 Because DDX56 shares common structures with the DDX family members, 18
DDX56 may also change splicing by spliceosome assembly alteration.
F I G U R E 6 Summary of results. Amplification of DDX56 on Ch. 7p induced high expression of DDX56. High expression of DDX56 altered the splicing of the cell cycle-related gene, WEE1, and led to cell cycle progression, which contributes to cell proliferation and poor prognosis in colorectal carcinoma Further study will be required to clarify the mechanism of DDX56 on alternative splicing in malignant cancers.
In conclusion, we have identified a novel oncogene, DDX56, on Ch.7p that promotes alternative splicing of the tumor suppressor gene, WEE1, and provided evidence that DDX56 may be a potential therapeutic target to overcome intratumor heterogeneity in CRC. 
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